Abstract. The thoracic ossification of the posterior longitudinal ligament (T-OPLL) can cause thoracic spinal stenosis, which results in intractable myelopathy and radiculopathy. Our previous whole-genome sequencing study first reported rs199772854 in the interleukin 17 receptor C (IL17RC) gene as a potentially pathogenic loci for T-OPLL. The aim of the present study was to examine the effects of the IL17RC gene rs199772854A site mutation on osteogenesis by establishing a model of osteogenic differentiation. IL17RC gene mutation site and wild-type site mouse embryonic osteoblast (3T3-E1) models were constructed in order to induce the differentiation of the cells into osteoblasts. Whether the mutation site causes the abnormal expression of the IL17RC gene and osteogenic markers was analyzed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis. The IL17RC gene rs199772854A site mutation was demonstrated to play a biological role through the overexpression of its own gene, and also to significantly increase the expression levels of osteogenic markers. Furthermore, the mutation upregulated the expression of the key proteins, tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) and nuclear factor (NF)-κB, in the interleukin (IL)-17 signaling axis. On the whole, the findings of this study suggest that the IL17RC gene rs199772854A loci mutation propels mouse embryonic osteoblasts towards osteogenic differentiation and may play an important role in the pathogenesis of T-OPLL. The IL17RC gene may promote osteogenesis through the IL-17 signaling pathway and may thus be involved in the process of ectopic osteogenesis in T-OPLL.
Introduction
The thoracic ossification of the posterior longitudinal ligament (T-OPLL) can cause thoracic spinal stenosis, which results in intractable myelopathy and radiculopathy. T-OPLL is a rare disease of the spine; however, it has a high disability rate and is progressively aggravating. The disability rate of patients with T-OPLL is much higher than that of patients with cervical spinal cord disease caused by the cervical ossification of the posterior longitudinal ligament (C-OPLL). The prevalence of T-OPLL in individuals of Japanese ethnicity has been shown to be 1.6-1.9%. Among patients with T-OPLL, the most frequently encountered type is the liner type, the most common level is T3-T4, and the mean age of onset is >40 years (1, 2) .
Surgery is the only effective treatment for T-OPLL; however, surgery is complex and the risk level is high. Although a variety of surgical treatment methods have been reported, there is currently no standard method available for the effective treatment of T-OPLL. Furthermore, the post-operative complication rate is 9.6-40.8% (3) (4) (5) , and the cause of neurological deterioration in the early post-operative period is unclear. Therefore, numerous studies have focused on elucidating the pathogenesis of T-OPLL. Although the pathogenesis of T-OPLL remains unclear, studies on C-OPLL have suggested that genetic factors play an important role in the pathogenesis of OPLL (6, 7) . Previous studies have reported >10 susceptibility genes/loci that are linked to OPLL susceptibility, which include R-spondin 2 (8, 9) , bone morphogenetic protein (BMP)2 (10,11), BMP4 (12), BMP9 (13) , runt-related transcription factor 2 (14, 15) , collagen (COL) type VI α 1 chain (16) (17) (18) , COL type XVII α 1 chain (19) , transforming growth factor β1 (TGF-β1) (20) , Toll-like receptor 5 (21) , nucleotide pyrophosphatase/phosphodiesterase 1 (22) and interleukin (IL)15 receptor α (23) .
Due to the limited movement of the thoracic spine, the stability of the thoracic vertebrae is higher than that of the cervical vertebrae. Furthermore, the local mechanical stress that affects degenerative disease of the spine is small. Therefore, we hypothesized that genetic factors may play a greater role in the pathogenesis of T-OPLL than environmental factors. Our recent whole-genome sequencing study identified that rs199772854 in the IL17 receptor C (IL17RC) gene is a potentially pathogenic loci for T-OPLL (24) . In addition, our case-controlled association study confirmed that this mutation was potentially associated with susceptibility to T-OPLL in individuals of Chinese Han ethnicity (25) .
The IL17RC gene is primarily responsible for encoding type I transmembrane proteins (26) . The majority of studies on the pathogenic role of the IL17RC gene have demonstrated that it mainly functions through the IL-17 signaling axis. The dysfunction of the IL-17 signaling axis has been implicated in numerous human diseases (27, 28) . The IL-17 signaling axis plays a central role in the regulation of inflammation (29) . Recent studies have demonstrated that the IL-17 signaling axis also affects bone formation and remodeling, and can protect bone mass in the case of bone loss due to infection or hormone imbalance. IL17RC serves an indispensable role in the development of osteoblasts, which accelerates the differentiation of osteoblasts (30, 31) . OPLL results in increased bone formation in the ligament tissues, and there is also an association between OPLL disease and increased bone mineral density throughout the body (7) . These studies indicate the potential role of IL17RC in the pathogenesis and progression of osteogenic diseases.
In the present study, mouse embryonic osteoblast cells were induced to differentiate into osteoblasts by transfection of the IL17RC gene carrying the rs199772854A site lentivirus, rs199772854C site lentivirus and empty lentivirus into 3T3-E1 mouse embryonic osteoblasts. Furthermore, whether the mutation loci causes the abnormal expression of the IL17RC gene was analyzed and differences in the ability to induce osteogenesis were detected in order to provide an experimental basis for the potential role of the IL17RC gene in the pathogenesis of T-OPLL.
Materials and methods
Cell lines and cell culture. The 3T3-E1 mouse embryonic osteoblast cell line (American Type Culture Collection, Manassas, VA, USA) was cultured in minimum Essential medium (MEM)-α with ribonucleosides, deoxyribonucleosides, 2 mM L-glutamine and 1 mM sodium pyruvate, and without ascorbic acid (cat no. A1049001; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells were incubated at 37˚C with 5% CO 2 in a 95% humidified atmosphere, and the culture medium was replaced every 2 days. 293 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle medium (DMEM; cat. no. 10564-037; Life Technologies; Thermo Fisher Scientific, Inc.). The complete growth medium was prepared by the addition of fetal bovine serum (FBS) to the base medium to reach a final concentration of 10% under 37˚C and a humidified atmosphere containing 5% CO 2 , and the culture medium was replaced every 2 days.
Construction of the IL17RC gene vector. The primers were designed and synthesized according to the human IL17RC sequence information. The upstream HpaI restriction site and the downstream EcoRI restriction site were added, and the primer sequences are presented in Table I . The pHIV-EGFP vector contained the EF1a-MCS-IRES-EGFP component sequence (Addgene, Watertown, MA, USA), HpaI and EcoRI enzyme cleavage sites and the following control insert: TAT TCT AGG GAT CCA ACC CTC GAG TGA CCC GTC TAG AGG GCT AG. The vector map is presented in Fig. 1 . GFP is located downstream of the target gene separated by the IRES sequence. The positive bacterial Sanger sequencing primer sequences are shown in Table II . Mutant primers were designed based on the human IL17RC gene sequence information, and wild-type plasmids were used as templates to design mutant primers according to the primer design principles of the Site-Directed Mutagenesis kits (cat. no. 210514; Agilent Technologies, Inc., Santa Clara, CA, USA). The mutant and wild-type IL17RC gene primer sequences are presented in Table III . The IL17RC gene wild-type and mutant plasmids were subjected to endotoxin plasmid extraction and extracted using Plasmid DNA Purification kits (cat. no. K210006; Thermo Fisher Scientific, Inc.).
Tra nsfection of the pHI V-IL17RC-rs199772854A, pHIV-IL17RC-rs199772854C and pHIV-GFP expression vectors into the 3T3-E1 cells. A total of 5 ml poly-D-lysine (PDL; cat. no. P7280; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was pre-added to a 10-cm dish, which was incubated at 37˚C for 30 min. The PDL was aspirated, and the dish was washed twice with phosphate-buffered saline (cat. no. AM9625; Thermo Fisher Scientific, Inc.) and stored in a 37˚C incubator for 7 days. 293 cells within 20 passages were adjusted to the logarithmic growth phase, and the cells were divided into the 10-cm dishes to a density of ~70% following trypsin digestion. The cells were cultured in DMEM at 37˚C overnight, and then the medium was discarded and a small amount of Opti-MEM medium (cat. no. 51985034; Thermo Fisher Scientific, Inc.) was added to rinse the dish. Subsequently, 6 ml Opti-MEM medium were added to the dish and it was placed in an incubator for use. The helper plasmid pMD2G, pSPAX2 and the wild-type or mutant expression plasmid pHIV-EGFP-IL17RC (Addgene) were added to 500 µl Opti-MEM medium at a ratio of 3:6:9 µg, and 15 µl PLUS reagent (cat. no. 11514015; Thermo Fisher Scientific, Inc.) was added to the mixture. In another tube containing 500 µl Opti-MEM medium, 30 µl Lipofectin Transfection Reagent (cat. no. 18292037; Thermo Fisher Scientific, Inc.) was added and mixed well. After being allowed to stand for 5 min at room temperature, the two tubes were mixed in a volume of 1 ml. The liposomes were mixed with the plasmid and then coated at room temperature for 30 min. The liposome and plasmid mixture was added to the 3T3-E1 cells that had been added to the medium containing Opti-MEM, and DMEM complete medium containing 10% FBS was replaced after 6-8 h. The cells were cultured for 48 h at 37˚C in a 5% CO 2 incubator. The virus solution was concentrated and purified, and the cells were infected with the high quality virus solution of pHIV-IL17RC-rs199772854C (titer: 6.4x10 8 TU/ml) and pHIV-IL17RC-rs199772854A (titer: 7.0x10 8 TU/ml) for 24 h. The viral supernatant was aspirated and fresh DMEM was added. The 3T3-E1 cells were plated in 6-well plates at a density of ~30% and after 12 h, the concentrated virus solution was added to infect the cells, at an MOI of 50 for each group infection. GFP and target gene expression were monitored at nearly the same time using a fluorescence microscope 48 h after exposure.
The cells with GFP expression were sorted using a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) 72 h after exposure. The GFP-positive cells sorted by FACS and part of the sorted cells were examine by western blot analysis and cultured for further analysis. Once the cells had grown to a confluence of 80-90%, they were subcultured.
Dif ferentiation of 3T3-E1 cells into osteoblasts.
pH I V-I L17 RC-r s19 9 772 854 C (w i ld-t y p e g r oup), pHIV-IL17RC-rs199772854A (mutation group), pHIV-GFP infected 3T3-E1 cells (empty lentivirus control group) and the 3T3-E1 cells without adding any vector (mock group). 3T3-E1 cells were cultured to the logarithmic growth phase and then divided into 6-well plates at a density of ~70%. The plates were incubated at 37˚C for 16-18 h. When the cells were close to fusion, osteogenic induction medium (low-glucose DMEM (cat. no. 11885-084), 10% FBS (cat no. 10099141; both Gibco; Thermo Fisher Scientific, Inc.), 10 mmol/l β-glycerophosphate (cat. no. G9422), 100 nmol/l dexamethasone (cat. no. D4902), 50 µmol/l ascorbyl phosphate (cat. no. A4544; all Sigma-Aldrich, Inc.), 100 U/ml penicillin and 0.1 mg/ml streptomycin (cat no. 15140-122; Gibco; Thermo Fisher Scientific, Inc.) was added. The cells were harvested at 21 days following osteogenic induction.
Alkaline phosphatase (ALP) activity assay and Alizarin red staining. After the cells were seeded in 24-well plates at a density of 1x10 5 cells/well and cultured in osteogenic medium for 21 days, osteogenic identification was performed using an ALP activity staining kit (cat. no. GMS80033.1; Genmed Scientific, Shanghai, China) as follows: i) The culture solution was carefully removed from the 24-well plates; ii) this was followed by the addition of 400 µl cleaning solution (Reagent A) to clean the surface of the cells, and this was then removed; iii) 400 µl fixative (Reagent B) was then added followed by incubation for 2 min at room temperature, and removal; iv) 400 µl cleaning solution (Reagent A) was then added for washing and this was then removed; this process was repeated 2 times to wash the fixative residue; v) 400 µl staining working solution was then added followed by incubation for 5-15 min in the dark at room temperature, and the staining solution was then removed; vi) 400 µl cleaning solution (Reagent A) was then added followed by incubation for 5 min at room temperature for washing which was then removed; this was repeated 2 times to wash the stain residue; vii) 200 µl cleaning solution (Reagent A) or PBS were then added to cover the cell surface, and observe the cell staining by the naked eye. In addition, Mineralization was assessed using an Alizarin Red S kit (cat. no. GMS80046.3; Genmed Scientific) as follows: i) The culture solution was carefully removed the from the 24-well plates; ii) 400 µl cleaning solution (Reagent A) were then added to clean the surface of the cells, and this was then removed; iii) 400 µl fixative (Reagent B) was then added followed by incubation for 10 min at room temperature, and this was then removed; iv) 400 µl cleaning solution (Reagent A) were added for washing and this was then removed; this process was repeated 2 times to wash the fixative residue; v) 400 µl staining solution (Reagent C) were then added followed by incubation at room temperature until orange-red color became visible, drain, and drying at room temperature; vi) 400 µl cleaning solution (Reagent A) were added for washing and this was then removed; this was repeated 2 times to wash the stain residue; vii) 200 µl cleaning solution (Reagent A) or PBS were then added to cover the cell surface, and observe the cell staining by the naked eye.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from the cells using TRIzol reagent (Thermo Fisher Scientific, Inc.), and reverse transcription was performed using a M-MLV Reverse Transcriptase kit (Promega Corp., Madison, WI, USA) according to the manufacturer's instructions. qPCR was applied to quantify the mRNA levels of IL17RC, ALP and GAPDH using SYBR-Green Real-Time PCR Master mix on the LightCycler 480 Real-Time System (Roche Diagnostics, Basel, Switzerland) under 2-Step Cycling (95˚C for 10 min hold, 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec). All experiments were performed in triplicate and normalized to GAPDH, and the relative gene expression was calculated based on 2 -ΔΔCq method (29) . The primers are listed in Table IV .
Western blot analysis. Cell lysates were obtained using ice-cold RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing 10 mM PMSF as a protease inhibitor. The total concentration of the extracted proteins was determined using an Enhanced BCA Protein Assay kit (Beyotime Institute of Biotechnology). A total of 30 µg protein was subjected to 12% SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was incubated in 1% bovine serum albumin containing primary rabbit anti-human polyclonal antibodies at 4˚C overnight. Subsequently, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit antibody at room temperature for 1 h and the protein was detected using electrochemiluminescence (Merck Millipore, Darmstadt, Germany). The following corresponding primary and secondary antibodies were used: Anti-IL17RC 
IL17RC, interleukin 17 receptor C.
with the control group, statistical analyses were performed using one-way analysis of variance (ANOVA) with the post hoc Dunnett's test. A value of P<0.05 was considered to indicate a statistically significant difference. All experiments were performed 3 times.
Results

Wild-type and mutant IL17RC gene bacteria Sanger sequencing.
The strains that were identified as positive using the electrophoresis of the PCR products were sequenced to obtain the wild-type and mutant IL17RC gene clones (Fig. 2) , indicating that the wild-type and mutant IL17RC gene lentiviral packaging vectors were successfully constructed.
Lentivirus infection of the 3T3-E1 cells.
Significant levels of GFP expression were observed using fluorescence microscopy at 48 h after cell exposure (Fig. 3) , which indicated that the 3T3-E1 cells were successfully infected. The 3T3-E1 cells were trypsinized at 72 h after they were infected, and the GFP-positive cells were sorted by flow cytometry, as shown in Fig. 4 . The positive cells were plated and cultured, and then subjected to the subsequent osteogenesis induction experiments. Cell lines expressing the wild-type and mutant IL17RC gene were therefore obtained.
IL17RC gene rs199772854A site mutation induces the osteogenic differentiation of 3T3-E1 cells.
Following 21 days of osteogenic induction, the ALP content of the IL17RC gene mutation group or the wild-type group was significantly higher than that of the mock group and the empty lentivirus control group. The ALP content of the IL17RC gene mutation group was significantly higher than that of the wild-type group (Fig. 5A) . The Alizarin red content in the IL17RC gene mutation group or the wild-type group was significantly higher than that of the mock group and the empty lentivirus control group. The Alizarin red content of the IL17RC gene mutation group was significantly higher than that of the wild-type group (Fig. 5B) . The results of RT-qPCR revealed that the mRNA expression of IL17RC in the rs199772854A transgenic IL17RC gene 3T3-E1 cell group was 18-, 24.1-and 3.4-fold higher than that of the mock group and the empty lentivirus control group along with wild-type group, respectively. The expression in the wild-type group was 6-and 7.1-fold higher than that in the mock group and the empty lentivirus control group, respectively (Fig. 5C ). The mRNA expression of ALP in the rs199772854A transgenic IL17RC gene 3T3-E1 cell group was 20-, 21.6-and 3.2-fold higher than that of the mock group and the empty lentivirus control group along with wild-type group, respectively. The expression in the wild-type group was 5.6-and 7.1-fold higher than that in the mock group and the empty lentivirus control group, respectively (Fig. 5D) . At the protein level, the expression of exogenous IL17RC in the cells was confirmed by western blot analysis of GFP tags. The expression levels of IL17RC, ALP, TRAF6, NF-κB and p-IKKe in the rs199772854A transgenic IL17RC gene 3T3-E1 cell group were higher than those in the mock group and the empty lentivirus control group along with rs199772854C transgenic IL17RC gene 3T3-E1 cell group, respectively. The protein expression of IKKe in the rs199772854A transgenic IL17RC gene 3T3-E1 cell group was higher than that in the mock group and control group, although no significance was observed between the mutation group and the wild-type group (Fig. 6 ). The expression of IKKe was enhanced in the mutation group and the wild-type group, whereas the expression of p-IKKe was further enhanced in the mutant group. As the lentivirus (MOI) was added to the cells in the different groups and the lentivirus-infected cells used in our study for ALP, mRNA and protein detection were collected after FACS sorting, the expression levels of ALP, mRNA and protein were not affected by MOI. These results suggest that the IL17RC gene mutation promotes the osteogenic differentiation of 3T3-E1 cells and may increase IL17RC gene expression by regulating the IL17 family signaling pathway. 
Discussion
The pathological process of T-OPLL involves the differentiation of posterior longitudinal ligament fibroblasts into osteoblasts.
To verify the pathogenic potential of a mutation site that was identified in our previous study (24) , IL17RC-induced mouse embryonic osteoblasts (3T3-E1) cells were established in the present study. In the present study, in the osteogenic differentiation model, the IL17RC gene carrying the rs199772854A and rs199772854C sites was transfected into mouse embryonic osteoblast (3T3-E1) cells, and osteogenic identification, western blot analysis and RT-qPCR were conducted at 21 days following osteogenic induction. The rs199772854 locus of the IL17RC gene is located in the promoter region. SNPs of the promoter region can aggravate or attenuate transcriptional activity by affecting the binding efficiency of transcription factors and various action elements, consequently interfering with gene expression and potentially causing disease. The sequence of IL17RC mRNA exhibits no difference between the wild-type and mutant. Thus, RT-qPCR and the western blot analysis cannot distinguish between the wild-type and mutant IL17RC. The mutation in the promoter region just enhances the expression level of the IL17RC gene mRNA which further translates more IL17RC protein.
The results of the present study demonstrated that the IL17RC gene rs199772854A mutation significantly increased the expression of its own gene. Therefore, these results suggest that this mutation site exerts its biological functions through the overexpression of its own genes and the different influences of downstream signaling were enhanced by the mutation of IL17RC. Previous studies have suggested that IL17RC plays a major role in disease pathogenesis through its function in the IL-17 signaling axis (32, 33) . IL17RC plays an indispensable role in the development of osteoblasts and accelerates the differentiation of osteoblasts (34) . OPLL results in increased bone formation in the ligament tissue, and there is also an association between OPLL and increased bone mineral density in the body. Thus, IL17RC plays a potential role in the pathogenesis and progression of osteogenic diseases. IL17RC may act directly in the disease pathology or may have an indirect effect due to its function as a receptor for IL-17F and as a subunit of the IL-17R complex. Therefore, IL17RC is a potential therapeutic target in IL-17-dependent diseases (35) .
TRAF6 is involved in the regulation of multiple signaling pathways as a key upstream regulatory molecule, including the IL-17 family signaling pathway (36) . The overexpression of IL17RC can affect TRAF6 and increase the expression of NF-κB (37, 38) . The transcription factor NF-κB is a key factor in the expression of various genes that are regulated by the immune system and inflammatory response, proliferation, tumorigenesis and survival (39, 40) . The current study demonstrated that the ratio of phosphorylated IKKe versus total protein in the IL17RC gene mutation group was 18.5-fold higher than that of the wild-type group. IKKe is required for the activation of NF-κB through the phosphorylation and further degradation of IKKe. The inadequate regulation of NF-κB is associated with cancer, inflammation and autoimmune diseases, septic shock, viral infection and immune dysfunction. Therefore, NF-κB is a key signaling molecule between bone and the immune response. It has previously been demonstrated that environmental factors can cause PDGA-BB and TGF-β1 in ligament cells to stimulate NF-κB, which then influences the differentiation of undifferentiated mesenchymal cells into osteoblasts (41) .
In the present study, mouse embryonic osteoblast (3T3-E1) cells were induced to differentiate into osteoblasts by transfecting the IL17RC gene carrying the rs199772854A site mutation into these cells. The potential mechanism of the IL17RC gene in T-OPLL was further investigated to confirm our hypothesis that the IL17RC gene regulates the development of T-OPLL through the IL17 family signaling pathway. Western blot analysis and RT-qPCR were used to analyze the in vitro model of osteogenesis. The results demonstrated .05, vs. mock group and control group. The ALP content of the IL17RC gene mutation group was significantly higher than that of the non-mutation group. * P<0.05, compared with the non-mutation group. (B) The content of Alizarin red in the IL17RC gene mutation group and the non-mutation group was significantly higher than that of the mock group and control group. *** P<0.001 and * P<0.05, vs. mock group and control group. The Alizarin red content of the IL17RC gene mutation group was significantly higher than that of the non-mutation group. * P<0.05, compared with the non-mutation group. The mRNA expression levels of (C) IL17RC and (D) ALP in the IL17RC gene mutation group and non-mutation group normalized to the control group. *** that the expression levels of TRAF6 and NF-κB in the mouse embryonic osteoblast (3T3-E1) cells that were carrying the IL17RC gene rs199772854A site mutation were higher than those in the unmutated group.
There were some limitations to the present study. Due to the fact that the surgical removal of the posterior longitudinal ligament of the thoracic spine is complex and the risk level is high, the resected non-ossified posterior longitudinal ligament is too small. Hence, we were not able to carry out the primary cell culture of thoracic posterior longitudinal ligament during the current period. Although the classic cellular line utilized in osteogenic differentiation was the 3T3-E1 by its great osteogenic differentiation potential (42) (43) (44) , using mouse cell lines may have some differences in the activation of the signaling pathway. Therefore, we will try to use posterior longitudinal ligament cell as target cell studying T-OPLL in the future. For the lentivirus system utilized in the establishment of wild-type and mutant cellular lines, the random insertion of the target is also a limitation of this study. In further studies, other systems will be considered for use in our research, such as AAV system. Furthermore, to the best of our knowledge, there are currently no reports available on the IL17RC gene related to C-OPLL. To ac complish this issue, we are currently collecting data from patients with C-OPLL and aim to verify whether the IL17RC gene is associated with C-OPLL in the future.
In conclusion, the present study suggests that the IL17RC gene rs199772854A site mutation causes significantly higher levels of IL17RC gene expression and TRAF6 and NF-κB protein expression compared to the rs199772854C site, indicating that the IL17RC gene rs199772854A loci mutation induces mouse embryonic osteoblasts towards osteogenic differentiation and may play a role in the pathogenesis of T-OPLL, and the IL17 signal axis may be involved in the regulation of T-OPLL disease. Therefore, the present study provides a theoretical basis for the early detection and diagnosis of T-OPLL diseases and the investigation of treatments other than surgery.
